Simple Summary: There is limited information on the optimal inclusion rate of a hatchery byproduct mixture and digestible energy concentrations in different hatchery byproduct mixtures in nursery pigs. The objectives of this study were to determine effects of a hatchery byproduct mixture on growth performance and to determine digestible energy concentrations of hatchery byproduct mixtures in nursery pigs. Growth performance of pigs fed a hatchery byproduct mixture up to 10% was not different from pigs fed a control diet. Digestible energy concentrations differed among hatchery byproduct mixtures. Based on the current results, the hatchery byproduct mixture can be used in nursery pig diets and different energy values should be applied to different hatchery byproduct mixtures.
Introduction
Animal protein sources such as fish meal and spray-dried plasma protein are widely used in nursery pig diets to maximize growth performance of pigs. However, as these ingredients are expensive and the price fluctuates, alternative protein sources are required to save swine production costs. Hatchery byproducts, wastes from hatchery facilities, include infertile eggs, unhatched eggs, culled chicks, and eggshells [1] . Considering that hatchery byproducts contain approximately 30% to 60% of crude protein [2] , hatchery byproducts are regarded as alternative feed ingredients which can replace widely-used animal protein sources in nursery pig diets [3] .
In previous studies, nutritional values of hatchery byproducts including infertile eggs, unhatched eggs, culled chicks, and a mixture of 3 ingredients fed to nursery pigs were determined [2, 4] . As hatchery byproducts are discarded together, it is likely that a hatchery byproduct mixture (HBM) is used in swine diets rather than a single hatchery byproduct. However, to our knowledge, information on the effects of HBM on growth performance in nursery pigs is very limited [3] , which challenges the swine industry to determine the inclusion rate of HBM in swine diets.
In the previous study, energy concentration of the HBM was determined, which contained 20% of dried infertile eggs, 20% of dried unhatched eggs, and 60% of dried culled chicks to mimic a natural product in a layer facility where hatchery byproduct ingredients were obtained [2] . However, the ratio of ingredients in HBM is variable according to hatchery facility conditions. For precise feed formulations, energy concentrations in feed ingredients should be accurately evaluated [5] , but information on available energy in various HBM is very limited.
For these reasons, the objectives of the present study were to determine the effects of HBM on growth performance and to determine digestible energy (DE) concentrations in various HBM in nursery pigs.
Materials and Methods
All protocols used in the study were approved by the Animal Care and Use Committee of Konkuk University (approval number: KU19054 and KU19058).
Preparation of Hatchery Byproducts
Grinding and drying processes were identical to Sung et al. [2] . Briefly, infertile eggs, unhatched eggs, and culled chicks were obtained from a layer hatchery facility (Join Inc., Pyeongtaek, Republic of Korea). Each ingredient was ground and then dried at 130 • C for 20 h in a dryer (DN 2300, Dongnam Tech Inc., Hwaseong, Republic of Korea). Infertile eggs and unhatched eggs included eggshells. After the drying process, 5 different HBM were prepared by mixing infertile eggs, unhatched eggs, and culled chicks with different ratios (Table 1) . 
Animals, Diets, and Experimental Design
The growth performance experiment consisted of 2 batches. In batch 1, a total of 48 pigs (24 barrows and 24 gilts) weaned at 28 days of age with initial body weight (BW) of 9.4 kg (standard deviation = 0.7) were used. Pigs were assigned to 4 dietary treatments in a randomized complete block design with 3 blocks based on BW using a spreadsheet program developed by Kim and Lindemann [6] . Each dietary treatment consisted of 3 replicate pens with 4 pigs consisted of 2 barrows and 2 gilts. Four corn-soybean meal-based diets were prepared to contain 0%, 3.33%, 6.67%, and 10.00% of HBM1 to replace fish meal and spray-dried plasma protein in diets ( Table 2 ). Hatchery byproduct mixture1 consisted of 20% of dried infertile eggs, 20% of dried unhatched eggs, and 60% of dried culled chicks to mimic a natural product in a layer facility where the hatchery byproduct ingredients were obtained. In batch 2, forty-eight pigs (9.8 ± 0.9 kg initial BW) weaned at 28 days of age consisted of 24 barrows and 24 gilts were employed. The experimental design and conditions of batch 2 were identical to those of batch 1. Overall, 96 pigs were used and each dietary treatment consisted of 6 replicate pens. In the energy digestibility experiment, 10 barrows (11.5 ± 0.4 kg initial BW) weaned at 28 days of age were used. A basal diet based on corn and soybean meal was prepared, and 4 additional diets were prepared by mixing 75% of the basal diet with 25% of HBM2, HBM3, HBM4, and HBM5, respectively ( Table 3 ). The ratio of corn, soybean meal, dried whey, and fish meal was the same in all experimental diets. These 5 experimental diets were fed to 10 pigs employing a replicated 5 × 4 incomplete Latin square design with 10 pigs, 5 diets, and 4 periods resulting in 8 replicates per treatment [7] .
Feeding, Measurements, and Sample Collection
In the growth performance experiment, each pen was equipped with a feeder and a nipple drinker and pigs had free access to feed and water. On day 7 and 14, individual BW of pigs and feed disappearance in each pen were recorded.
In the energy digestibility experiment, all pigs were individually housed in metabolism crates (0.35 × 1.00 × 1.50 m) equipped with a feeder and a nipple drinker. The quantity of feed provided daily per pig was calculated as 2.7 times the estimated energy requirement for maintenance (i.e., 106 kcal of metabolizable energy per kg BW 0.75 ) [8] and divided into 2 equal meals at 08:00 and 17:00 h. Each period consisted of a 5-day adaptation period and a 5-day collection period. During the collection periods, a total collection method was used to collect feces with the marker-to-marker procedure [9] . Chromium oxide and ferric oxide were used as an indigestible marker for the initiation and the termination of fecal collection, respectively. During the collection period, refused feeds were also collected to calculate the amount of actual feed intake. 
Chemical Analyses
Dry matter [10] , crude protein (method 990.03), ash (method 942.05), calcium (Ca; method 935.13), and phosphorus (method 946.06) in ingredients and diets were determined [11] . Concentrations of gross energy (GE) in ingredients and diets were determined using a bomb calorimetry (Parr 1261, Parr Instruments Co., Moline, IL, USA). In the energy digestibility experiment, feces collected were analyzed for GE.
Calculations and Statistical Analyses
In the growth performance experiment, average daily gain (ADG), average daily feed intake (ADFI), and gain to feed within each treatment were calculated based on mean BW of pigs and consumed diet in each pen. In the energy digestibility experiment, the difference procedure was used to calculate energy concentrations and digestibility of HBM [9] . Predicted energy digestibility of HBM was calculated based on energy digestibility in infertile eggs, unhatched eggs, and culled chicks reported by Sung et al. [2] and ratios of the ingredients in each HBM.
Predicted energy digestibility (%) of HBM2 (50% infertile eggs + 50% unhatched eggs)
where DE infertile eggs , DE unhatched eggs , GE infertile eggs , and GE unhatched eggs are DE and GE values of infertile eggs, and unhatched eggs, respectively, determined by Sung et al. [2] . Predicted energy digestibility of other HBM was determined in the same manner based on ratios of the ingredients in each HBM.
Data were analyzed using the MIXED procedure of SAS (SAS Inst. Inc., Cary, NC, USA). In the growth performance experiment, data from 2 batches of experiments employing the same dietary treatment were pooled for statistical analysis. Dietary treatments were considered as a fixed variable while batch and block within batch were considered as random variables. Orthogonal polynomial contrast was used to analyze linear and quadratic effects of HBM1 on BW, ADG, ADFI, and gain to feed. Least square means for each treatment were calculated and the experimental unit was a pen.
In the energy digestibility experiment, dietary treatments were considered as a fixed variable, while replication, animal within replication, and period within replication were considered as random variables. The least square means were calculated for each treatment, and differences between least squares means were tested using the PDIFF option with Tukey's adjustment [12] . The experimental unit was a pig, and an alpha level of 0.05 was used to determine statistical significance.
Results
In the batch 1 in the growth performance experiment, 2 pigs of block 3 in a pen allotted to a control diet died. As only 2 pigs remained in the pen, the pen was excluded from the data. With the inclusion rate of HBM1 up to 10% in diets, no significant differences were observed in final BW, ADG, ADFI, and gain to feed (Table 4 ). In the energy digestibility experiment, one pig fed the HBM2 diet had diarrhea during the collection period and this observation was excluded from the data. Diet intake of pigs fed the HBM2 diet was greater (p < 0.05) than in pigs fed the HBM5 diet (Table 5 ). Energy digestibility of basal diet was greater (p < 0.05) than that of other experimental diets (p < 0.05). Digestible energy of HBM2 diet was the lowest (p < 0.05) among experimental diets. The DE of HBM2 was the lowest and DE of HBM4 was greater than that of HBM3 (p < 0.05; Table 6 ). Determined energy digestibility of HBM4 was greater (p < 0.05) compared with HBM2. The determined and predicted energy digestibility values of HBM4 were very close (78.2% vs. 77.9%, respectively). 
Discussion
To overcome weaning stress and maximize growth performance of nursery pigs, animal protein sources such as fish meal and spray-dried plasma protein are routinely included in nursery pig diets [13, 14] . As animal protein sources are digested better compared with plant-derived protein sources, nursery pigs would benefit from the efficient provision of essential amino acids provided by animal protein sources. In addition to nutritional aspects, spray-dried plasma protein has been reported to improve immune systems of piglets by providing immunoglobulins and glycoproteins [15, 16] . In the present growth performance experiment, HBM1 replaced both fish meal and spray-dried plasma protein in diets without negative effects on growth performance. However, it is likely that HBM may not replace spray-dried plasma protein in nursery pig diets in the industry due to its potentials to enhance immune competence.
Due to safety issues on hatchery byproducts, these ingredients used to be prohibited in animal feeds. Currently, however, hatchery byproducts are allowed in many countries including Republic of Korea, the United States, and the European Union [1, 17] . Before conducting the present study, microbial analyses on hatchery byproduct ingredients were performed resulting in no evidence of spoilage [18] .
Chemical compositions of hatchery byproduct are highly variable in the literature [2, 3, 19] , which is likely due to variation in the ratios of hatchery byproduct ingredients and processing methods. Gross energy of hatchery byproducts used in the present work were less than that of byproducts used in Sung et al. [2] even though these ingredients were processed using the same method. The reason for the different energy concentrations is unclear.
The present growth performance results are not consistent with Adeniji and Adesiyan [3] who reported negative impacts of HBM on growth performance in nursery pigs. In the study of Adeniji and Adesiyan [3] , pigs were fed graded concentrations of HBM (22% crude protein and 32% ash) at 0%, 7.5%, 15.0%, 22.5% and 30.0% for 21 days, and the ADG and ADFI decreased in pigs fed diets containing HBM compared with pigs fed the control diet. Adeniji and Adesiyan [3] attributed the compromised growth performance to unpleasant odor of the HBM used in their study. Moreover, even though the inclusion rate of the hatchery byproduct increased in diets, the inclusion rate of fish meal (4.5%), bone meal (2.5%), and oyster shell (1.0%) were constant resulting in excessive Ca concentration in diets. As excessive dietary Ca over the Ca requirement may negatively affect mineral digestibility and growth performance [20, 21] , hatchery byproducts should be included in swine diets not to exceed the Ca requirement by limiting inorganic Ca sources such as limestone. In contrast to the study of Adeniji and Adesiyan [3] , Ca concentrations in diets in the present study were formulated to be the same among experimental diets. Even though a discrepancy on analyzed Ca concentration in diets existed (0.72% to 0.91% as-fed basis), the impact of this discrepancy might be little considering that no significant differences were observed in growth performance.
As hatchery byproducts are disposed of together, it is likely that available hatchery byproducts from hatchery facilities are mixtures of hatchery byproduct ingredients. In the present study, various HBM were formulated based on different ratios of ingredients to contain a wide range of GE. Diet intake in pigs fed the HBM2 diet was greater compared with pigs fed the HBM5 diet (682 vs. 634 g/d) whereas GE in the HBM2 diet was less than that in the HBM5 diet (3885 vs. 4069 kcal/kg as-fed basis). The different feed intake between HBM2 and HBM5 diets may be attributed to energy concentrations because pigs consume feed until their energy requirement is met [22] . Energy digestibility of experimental diets was not different but DE in diets differed mainly due to differences in GE concentrations in diets. Even though no difference was observed in energy digestibility of experimental diets, energy digestibility of HBM4 was greater than that of HBM2. This discrepancy is partially explained by the difference procedure which was used for calculating energy digestibility of HBM. Differences between energy digestibility of experimental diets are amplified in differences of test ingredients and the discrepancy becomes greater when the inclusion rate of test ingredients is low [23] .
The reason for the lower DE of HBM2 is mainly attributed to lower GE. Hatchery byproduct mixture2 consisted of 50% of dried infertile eggs and 50% of dried unhatched eggs which contained eggshells. As eggshells contain very little energy and the utilization of eggshells is very poor, GE of HBM2 was less than GE of other HBM and fecal output of pigs fed the HBM2 diet was greater than that of pigs fed the HBM5 diet.
Determined and predicted energy digestibility of HBM4 were comparable (78.2% vs. 77.9%) whereas determined values were less than predicted values in HBM2 (67.7% vs. 76.2%), HBM3 (72.8% vs. 78.7%), and HBM5 (75.0% vs. 83.4%). Except for HBM4 containing infertile eggs and culled chicks, other HBM contained unhatched eggs. Considering determined and predicted energy digestibility and the ratio of ingredients in HBM, energy digestibility values of infertile eggs and culled chicks in the current study were comparable to values determined in the study of Sung et al. [2] . In contrast to infertile eggs and culled chicks, energy digestibility of unhatched eggs in the present study were less than the reported value by Sung et al. [2] . This is also supported by numerically greater energy digestibility of HBM4 (33% infertile eggs + 67% culled chicks; 78.2%) over HBM5 (33% unhatched eggs + 67% culled chicks; 75.0%). This numerical difference indicates that energy digestibility in infertile eggs might be greater than in unhatched eggs in the current study. However, in the study of Sung et al. [2] , infertile eggs (66%) had lower energy digestibility compared with unhatched eggs (87%). Therefore, energy digestibility of unhatched eggs in the current study may be less than that in the Sung et al. [2] , but the reason for this is not clear. The relatively low energy digestibility of unhatched eggs compared with infertile eggs and culled chicks used in the present study likely resulted in lower energy digestibility of HBM2 which contained 50% of unhatched eggs. The relatively low energy digestibility of HBM2 is one the reasons for the low DE in HBM2. Further studies are warranted to identify other reasons for the low DE in HBM2.
Conclusions
A hatchery byproduct mixture can fully replace fish meal and spray-dried plasma protein in nursery pig diets without negative effects on growth performance. As energy utilization of hatchery byproduct mixtures are variable in pigs, different energy values should be used for each hatchery byproduct mixtures. Further studies are warranted to minimize nutrient variability of hatchery byproducts and to determine effects of hatchery byproducts on the pig performance during the growing-finishing period. 
